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Sutaaary 


COMP Compesite material 


Changes in fucura aircraft technology which con- DOC 
serve energy are studied, along with the effect o: 
these changes on ecor.ctnlc performance. Ar.ong the new 
technologies considered are laminar-flow control, com- ENERGY 
posite materials with and without laminar-flow control, 
and advanced airfoils. Aircraft design features e = 0.8 

studied Include hlgh-aspect-ratio wings, thickness 
ratio, and range. Engine technology Is held constant L/D 
at the JT9D level. 

LFC 

It is concluded chat wing aspect ratios of future 
aircraft are likely to significantly increase as a M 

result of new technology and the push of higher fuel 
prices. Wl)creas current airplanes have been designed for OEW 
AR • 7, supercritical technology and much higher fuel 
prices will drive aspect ratio to the AR - 9-10 range. PAX 
Composite materials ray raise aspect ratio to about 
11-12 and practical laminar flow-control systems ray R 

further increase aspect ratio to 14 or more. Advanced 
technology provides significant reductions in aircraft ROI 
take-off gross weight, energy consumption, and direct 
operating coat. 


Direct operating cost, cents per seat 
statute mile 

Energy use, Btu*s per seat mile 
Span efficiency factor 
Lift-to-drag ratio 

Laminar-flow contro^used on wing and tall 
Mach number 

Operating empty weight, lb 
Number of passengers 
Range, n. mi. 

Return on investment, percent 
Wing area, fc^ 


Introduction 


t/c Average thickness ratio, percent 


In January 1973, U.S. airlines paid about li cents (t/c)„ 
per gallon for their fuel. By October of 1975, -V.5. "D 

domestic airlines were paying almost 30 cents per giUon 
and U.S. incernatior-al airlines were paying about TOCW 

37 cents per gallon (Fig. 1). By the end cf 1976, OPEC 
crude oil price increases and gradual removal of domes- TURB 
tic price controls suggest chat fuel prices may rise 
again. Increases in fuel price such ns those e.xr-eri- UW 
enced over tie past few years mean ^hnt significant 
improvenent must occur in the cner / pe-formance of 
future aircraft. The impact on ...e design of air-raft Wwlng 
will be great. This paper presents an cvervivw of 
what the development of new technologies such as n 

laminar-flow control (LFC), composite materials, and 
nev airfoils may mean to future aircraft design. A 


Average thickness ratio consistent with 
drag divergence Mach number 

Take-off gross weight, lb 

Turbulent flow 

Unit weight, lb per ft^ (liciirarized vettN 
area) 

Wing weight, lb 

Angle of attack, radians 

Wing sweep angle, degrees 


Studies were accomplished by the developneni of a 
computer program capable of sizing aircraft for minitrun 
fuel consumption. With this cool, it is possible to 
cika a broad look st technologies and parameters which 
influence aircraft weight, fuel usage, :ir.j other oper- 
ating cost components. The assumptions ort which the 
program is baaed ilnit its use to definln.: broal 
cfiects of aircraft design rather than conducting 
detailed point designs. Experience to date indicates 
that this program can be giiito useful in making brt>.id 
assiSEtients of the value of n<?w aircraft technology. 

Symbols 

AR Aspect ratio 

c Section chord, ft 

Cp Total drag coefficient 

Cp Induced drag coefflclcnc: 

Cjj Fricticn drag coefficient 

Cruise lift coefficient 


■* = 0.2? Wing taper ratio 

^criptton of Ml nitm .m Energy Ai r_c r aft Prog r 

Appendix A suir-*a.ir izes the important equations used 
in the development of the program. Progran logic is 
shown in Figure 2. Passenger number, range, and Mach 
number are specified. A:, initial fuel weight .and take- 
off gross weight (TGGW) Is assumed. The fuselage is 
sized to accommodate the payload. Empirical equations 
(Appendix A) are used to weigh major aircraft compo- 
nents Mich as the wing and fuselage (with appropriate 
modifications for high-aspect ratio and advanced tech- 
nology), A first cuess cf wing area ;s made oud 
first-order (no wing-!)odv interference effects', 
vicrodynamics'^ \;scd to calculate cruise performance at 
Engine size is then determined by veigiting 

cruise thrust requii ements .igalnst the thrust require- 
ments impest'd by .i 19,300-foot runway. A climb per- 
formance routine is calculated^® and the 'engine resided 
if necessary, to achieve adequate climb perf or.-anec. 

The calculations are then iterated until a convergence 
is •'cached -which defines the aircraft and its perform- 
ance for the selected wing area. Ving area is then 
varied in a search for the aircraft with ciaximus: range. 



^,lvcn the asbtinii»l fuel loati. The optinum energy air- 
plane to nccL tie required range Is then fouruJ by 
repeating the wing area search for different assumed 
fuel weights. This p.jrt of the program, which delJnes 
the optimum energy ai^plant^, provides inputs for tht* 
next section of the program to calculate airplane 
economics. 

Economic results are expressed in terms of Direct 
Operating ('osts (DOC), Indirect Operating (^ists (IOC), 
and Return on Investment (HCil), DOC calctilat ions are 
based on the Air Transport Association mv»dcl^l upd.'Ued 
to 1975 cost experience.* Indirect Operating Costs are 
based on a Lockheed Aircraft Corpor«Tit ion no'Je*.^- The 
ROl calculations utilize discounted cash flow method- 
ology, Baseline fuel pri^'e Is 10 cents per gallon. 

Off-design pcrforr^ance (block fuel .and DOC) Is 
then calculated by assuming a full payload tand design 
fuel load for st.age lengths less than design range. 
Approximately AO seconds of run time on tiie CDC 6600 
computer are needed to define an opt imum tairplane and 
determine its economic and off-design pcrform.mce. 

Major assumptions made in developing the program 
arc listed in Figure 3- Table 1 compares a representa- 
tive trljet conf iguration^^ with results predicted by 
the program for a tnlnimun fuel consumption aircraft. 
Weights, geometry, and mission performance data are 
given, Even though many parameters, other than fuel 
consumption, were considered in the trllet design (for 
example, economic performance), the comparison indicates 
that realistic aircraft characteristics evolve from the 
program. 

Results 

Baseline Airplan e 

A 200**passenger airplane with 10,000 pounds of 
cargo load flying at ^^®0.8 was chosen as a baseline. 
Additional characteristics of this airplane are given 
in Tabic 2, which also includes tlic* baseline character- 
istics of the lamlnar-flou control (LKC) configuration. 
Design parameters studied with the hascl ioe airplane 
Include thickness ratio, aspt-'-t ratio, and ranjte. 

Studies of now cecfmolcgy airplane', are also referenced 
to this baseline. A hl,:h bypass r.itio engine is 
assumed with technology level )ield constant; the tech- 
nology level Is about that of a JT-9D engine. 

Airfoil Mo del 

The baseline configuration was used to study the 
effects of thickness ravio at various aspect ratios and 
R " 3000 n. mi. TOGW, i.NKRC.Y, and DOC rci.ults are given 
in Figiire A. Use of a constant wing thickness ratio 
yields a continuous decrease in energy requirements as 
aspect ratio is Increased; however, trends in TOCV and 
DOC with aspect ratio (AR) are strongly dependent on 
the assumed thickness ratio. 

Minimum energy aircraft with thick wings have their 
minimum TCKiW at higher aspect ratios than do aircraft 
with thin wings. Thick wing ai3 craft also have lower 
TOGW, as would be expzctiHl fro-. inspectii>n of Uio wing 
weight equation used (see Ap;'cndix A) wdiic-li shows 
decreasing wing weight with increasing thickness ratio. 
However, these constant thickness ratio results are 
misleading. For exar^ple, the decrease in !)OC th.it 
occurs with Increasing aspect ratio for t/c M r-ay 
be erroneous since these airfoils may noi Ijo able to 
meet a drag divergence c’'iterlon. A bad estimate as to 
the absolute level of average tliickness ratio could also 
lead to significant error. 


For these reasons, Ridert-ucc* lA was used t> deter- 
ine the v.'irintion of avt-ragi- wing thukne';s ratio, 
(t/c)j^, consl6t<*nt with .i drug d i vc'fgeiu e M.ich r.cnber 

and required wing lift coefficient. It is important to 
realize that this relationship does nut necessarily 
repre‘ieni an attainable suporcr it ical teclinologv for 
the .'ilrtoil section, hut oi>ly servrs as .1 model for t lu 
relationship between wing thicknest., wing lift coeffi- 
cient, and Mach number. With this criterion, the wing 
thickness r.itio compatible with drag divergence ILich 
number (l.e., n 20-count drag rise) varies from 14.17: 
to 7. 81 over the AR range (see (k/c) curve In 

't) 

Fig. A). The result is nn increase in wing weight (at 
fjigh aspect ratios) which is above and bovond the 

(AR) * pen.alty (see wing weight equation in 
Appendix A). Const^queni ly, at Ijigh aspect ratios, 
l.irge penalties occur iti 'i(V;w .jtui DOC (Fig. 4). 

In .advUtion, at high aspect ratios, the varying 
thickness ratio compounded the problem of getting 
enough fuel in the wing; for these aircraft, adequate 
fuel storage volume in. the wing could present a design 
problem above AR * 10. 

Itir bul en t Airplane Stud ic s 

Desi gn Range , '‘he effect of design range on the 
b.asclinc aircraft is given in Figure 5 for aspect 
iMtio.s of 7 .and lA, As r.ange incre.i.scs, the extra fuel 
r«’qulred to meet mission requimmenr.s combines with 
increases In structural weight to ral.se takc-oft gros.s 
weight. At AR - 7, which is typical of current conmor- 
ciai transports, energy requiremonls increase centino- 
ously with range; high AK aircraft (AR ■- lA) show a 
minimum energy consumption at a design range of about 
2200 n. ml ReLitive to the /J{ » 7 aircraft, energy 
s.ivnd with an AR = 14 design Is greatest at Icng 
range. Best economic perforr.ince occurs at ranges 
between 2000 n. nl. .mu 3000 n. mi. with best economits 
.u somewhat higher range for the highest AR. Sever.- 
penalties are encountered vitii long-range capability 
( •^500 n. ml.) in terms of both energy use and DOC. 

effect of aspect ratio is shnwti 
in F’gur<- 6 for ranges of 1000. 1000. ond 5000 n. mi. 
K:fecis o! Increased aspect ratio result from a trade 
of improved ,-»erodyn.inic efficiency for .idded strMCtjril 
wing weight (sec Appendix A). Vp to AK of .abo-n IJ, 
this trade is favor.ihlo ,it .all ranges in the s“rj'.c th.ii 
energy requirements, are ro-iuced. At a range of 
lt)00 n. r.i., ht'wevor. the resulting TiXlV increase, virii 
increasing AR. At 5000 n. ri. r.inge, '.he fuel s..vcd 
witli Increased AR more th.an offset the struct .ral 
weight pen.'ilty and TOCV decre.ises when Ak is Increase-l 
iron 7 to 10. Above AR of abou’ 12, the trcidt- it not 
lavfuahie and TfX.'W .ind feel 'is.ige begin to increase 
with AP. Lowest Df'C's are cb{ain--d at aspert ritns 
hetween 9 a. j 10. Tl^eso op* inu!.. occur at a higbet 

aspect ratio than today* ; A- 7 desigtes because of 
the sh.arp fuel price incroisc-s which have occurred jnr- 
ii.g the past 2-1/2 years (the present study uses a fuel 
price* of 30 cents per gallon compared to an earlier 
12 cents pt-r Ion) .ir.d iht- existence of supcrcrit * if 
airfoil terhjiol-*gy . For tiie three r.-»r,gos siiovn. th. 
Ifswest doc's oc«nr with K 30J0 n. mi. for ail .ts, c? 
ratios. <*0C im reases rapidlv when AR > 11 becai; 
of the extra tuel .and purcli.\ve pritT increase rcsuli ; 
from the ’nueh Inrre.i'-td st rn, t ,i ta 1 weight. 

^AFPfNDIX bT 



Laminar-Flow f ^ontro 1 

Controlling thp hour>dary layer to maintain laminar 
flow on an airplane can offer large benefits. Laminar- 
Flow Control (LFC) results in much lower friction drag 
and therefore reduced fuel use. Figure 7 illustrates 
the concept of using suction to stabilize the Initial 
laminar boundary layer such li>at laminar flow can be 
maintained far beyond the length normally observed tor 
transition to turbulent flow. Suction power require- 
ments are small compared to the reductions obtained in 
propulsive power. Much significant work in LFC using 
the suction concept was accomplished with the X-^l 
flight tests m.ide between 1962-1 96S . ^ This work 

showed tlmt LFC could, in fact, be achieved in flight. 
Remaining uncertaint ics revolve largely around ques- 
tions of reliability, maintenance, and cost. 

As a result of the national energy crisis, NASA is 
taking a fresh look at LFC's potential af»d problvns.^O 
Two studies by Locklieed^^ and Borlng^^ have reri-nrly 
been completed under NASA sponsorship. Because of the 
potential for energy conservation witli LFC technology, 
the present study has also looked at some of the major 
questions which surround the application ol I.FC to 
commercial transport aircraft. 




therefore, may offer this potc-ntial design sinpiilic.i- 
t ion although LFC ducting volume icquirements present 
an «»dded problem. Wing box volume wan estimated 
assuning a spar separation dist.at.ee of one-naif the 
chord length, and fuel voliitne was taken as 70'i ot the 
wing box volume. 

The effect of LFC system unit weight (I'W in Ih 
per Jtq it oi lamil nar ized area) is given in Figure- 11 
for varying AR and R “ 3000 n. mi. Baseline unit 
weight (1.26 from Ref. 21) was varied from 2.52 to 0.63 
(not shown). Relative to the baseline, I’W “ 0.63 
provided only minor reductions in TCK.W, whereas 
i:W ■» 2.92 wipes otit itaich (hut not all) of the T0<.W 
s.avings po:.sihle at low AR with LFC. Energy consump- 
tion Is relatively unaffected by unit weight changes 
.ind largtf energy savings result even if fW = 2.52. In 
contrast to the turbulent conf igurat ion, the tw = 2.32 
airplane used less energy at AR *= 14 than at lo*-vr 
aspect ratios. Economic performance is best at 
L'W « 1.26, but even the OW 2.52 airplane has a 
lower DOC tlian the turbulent baseline. Further work on 
LFC designs may enable the unit weight penalty to be 
reduced below 1.26, as design techniques are developed 
which use the LFC suction surfaces and ducting to help 
carry structural loads. 22 


LFC Co nf Ig urat to n. For comparison to the baseline 
turbulent airplane, LFC airplanes were studied assuming 
laminar flow exists over tlie ving and tail of tbe air- 
craft (see Table 3 for a typical configuration comp.arl • 
son). The LFC system is turned on once the aircraft 
reaches cruise altitude. The propulsion system was 
sized to include the power required to run th»* LFC 
system pumps. 

Figure 8 shows the effect of l.FC with range. I.FC 
benefit.s in reduced weight, energy, and direct operating 
cost grow rapidly as range incicases because of the 
greater importance of aerodynamic efficiency at long 
range. LFC also increases the range at wijirh ninimun 
DOC occur.s. The effect of AR for aircr.iU designed 
fo*" LFC relative to the turbulent baseline at 
R ** 3000 n. mi. is shown in Figure 9. I.FC «U‘J.ay.s the 
TOCW increase which occurs at AR = 10 v/jth ilie turbu- 
lent airplanes. In addition, tlu woiglit penalty paid 
with the t(jrhulc*nt airplane at AR “ is greatly 

reduced with LFC. I.FC aircraft energy requirements 
continually dccre.i.se a.s AK increases from / to 14, 
where.as the AK ® 14 turbulent .nrpl.i'u- sh«'v‘ increased 
energy requircme.nts rel.'itive- to lover a-.pe^t ratios. 

LFC reduced direct operating tost . .3t .ail .tspert ratios 
studied. Even the t)0C penally f r >n an A.R -- 14 run! ig- 
uratlon Is largely eliminated will) I.FC. Ihesc f.r.’or.tble 
rc.sults using LFC occur despite built-in e<i>notr*ic 
penalties equal to 17F higher n.j i ni.<-nance and iZ higher 
purchase price assured for the i.Fl’ airplane tr.uljltr 3), 
based on the result.s of Rcfi'rin.:e 21. 

LFC wings have lower lift ioefficients .and iieiice 
greater thickness ratios than tfu ir turbulent comitcr- 
parCs (Fig. 10). This follows sin.-c at 

C. AR C e; slrce LFC reduces C.^ , Cj is .i!si» 

o * o 

reduced and the wing car. have .i larger thickness ratio 
for the sf.r.ie drag d Iverge.ic*’ .Harh mii'’ber . As a*.|.«-rt 
ratio increasco, wing thickness r.*t io for t b.e «piirr:ijr. 
turbulent configuration d?creas*-fi (Fi/'.. 10', an<i fuel 
volume efficiency decreased. For turhtil»*nt airplanes 
with -\K _ enough wing vul-.j-ne was .w.»t l.ahlc t«‘ 

store the fuel nc^^ded for long-range missions. lurbu- 
it-nt airplanes of high aspect ratio and l«>v p-isscnger 
capacity r.ay therefore reciire wing i’^d taj'ks^l or fttel 
Storage in th'^ fuselage. In contr.as.t, no luel vol«-T;:e 
problems were encountered with the AR “ 14, 

R “ 3000 n. r. i . , LFC conf igurat ion. I.FC airplanes. 


C ompc j.sltes 

Figure.s 12 and 13 show the benefit which composite 
m.iterlals will have on the baseline turbulent and LFC 
< onfigurat Jon-s. Estiisate.s of wing, tail, fuselage, and 
l.inding-gear weight resulting from application of com- 
posite material were obtained from Reference 23 (sec 
Table 4). It is thought that this degree of composite 
.ippJitation (^40%) might be applied to an airplane 
introduced In 19RS. Significant reductions in TOr.«, 
energy, and DOC occur with introduction of composite 
material. Figure 12 shews ib.at at R » 3000 n. ni., 
composites have a bigger effect on TOCW than does I.F('; 
however, I.FC saves more energy and has better eronomu- 
,.r.-rfcrmance than does composites. At R « 5000 n. mi., 
LFC reduec.s both TDGV .and energy to a greater extent 
than does composites (Fig. 12). With varying aspect 
ratio (Fig. 13) and R « 3000 n. mi., an LFC airplane 
r.ide of composite materials eliminates the TtXlW and Dt'C 
pt-naJty p.aid toi the AR « 14 design (relative to 
AR ” ll). These calculations must b'C vicwi^ with 
caution, m>w<‘ver, sin e wing weights .are estimated 
using a c«>rr«*|.-it ion ol historical data based cn .ilumiitum 
aircrafi ar.J tlu-n corrected re ixpected cc'r.pos i to -miv- 
ri.il veigljt. Rest economic p fora.ince is 'htaint-j wlcn 
an I.FC airplane built >-f advan. -d r.atcrials. 7 he price 
of cc.mposite airplanes is found by calculating price 
jl .an aitjminun airplane were tciny, costtsj, .an-d then ad.:- 
im; 10'. to tills valtse; the resulting cor.tposite a;rplaiv 
pri< e IS tvpically .ibout 17-j., under the price of aii 
«--'pi i va 1 enl .iluninun airpl.3nc. M) i fit uu e < iiaracteris- 
lits are a.ssuned equivalent l~ that of air- 

plane;; b.ise«i or the encour.ig ing (bill limited) dat.t 
obtained to d-ite ihrosjgn in-^ervice flight tests n.ide 
vilu composite materl.ais t'n s«coud.-iry siructures. .Since 
♦ •uorgv .use is di'cr«M.sing even .at A.R == 14, other 
idvanced ilogy (vfiit.u lowers structural weight) 

l.eycnJ tF..»t discussed in this paper nay cventualiv le.i.j 
t«» pr.utical mnf Igurat ions witli aspect ratios a‘.,ve 1>4. 
Examples ol stii h tecb.rolog i CO irclude more .idvarct.:d 
.liifuils, gre.iter composite -ippl ica t ion , 1 am i nai i .^eo 
St r*at -braced wings t>f very high AK , an-.i active .srt.ioi 
systems. 

The effect of ad.-.inoed airfoil toclmologz is illus- 
trated In Figure 14. The advanccvl cent Igurat ion repre- 
sents airfoils with drag d i verg ence numt?crs 0.025 



and 0.05 greater than tfiat attained by supercritical 
airfoils in Reference 14. Admittedly, attainnient of 
the benefits represented by these cases is a difficult 
goal to reach if, in fact, reachable. The iuipucU of 
such an airfoil is relatively small at low aspect ratios. 
However, the T0C;W, energy, and DOC benefits are sizable 
at high aspect ratios. 

These results have an interesting implication for 
LFC aircraft, l.aminar-flow control thins the airfoil 
boundary layer and thus permits a thicker, 1 tgliter- 
weight wing to be used (without a drag penalty). 
Therefore, LFC will provide an additional synergistic 
benefit perhaps comparable to that shown in Figure 14 
for the 0.025 Mach number Increase. No benefit was 
taken for this effect in th.e LFC calculations made in 
this paper. 

In addition, high-aspect-ratlo alrpl.ancs (turbu- 
lent or laminar) require cruise lift coefficients that 
will be difficult to achieve even with advanced airfoil 
technology. LFC, with I'ower required lift coefficients, 
alleviates this problem (Fig. 10). 

Economics 

Turbulent Configurat ion. The effect of aspect 
ratio on DOC for various fuel prices and ranges is 
shown in Figure 15. Clearly, if fuel prices continue 
to rise, relative to other costs, higher ,'\.R .will be 
economiibally desirable for future aircraft. At all 
ranges,-ythe effect of increasing fuel price is to 
increas'^ the aspect ratio at which minimum DOC occurs. 
Also, at a cons.tant fuel price, increasing the design 
range increases the need for improved aercxlynaraics and, 
therefore, increases the AR at which minimum DOC 
occurs. Dramatic changes in airplane design can occur 
as a result of the interaction of these parameters. For 
example, at k = 1000 n. mi. and 30 cents per gallon 
fuel, an AR ~ 8 airplane has the lowest DOC, and DOC 
varies little between AR = 7-11. In contrast, at 
R = 5000 n. mi. and $1.20 per gallon fuel, an AR = 11 
airplane clearly has the lowest DOC. 

Laminar-F low C ontrol . The effect of increases in 
purchase price .and maintenance cost for the LFC airplane, 
is siiown in Figure 16. With AR = 10 .and 30 cents per 
gallon fuel, the LFC airplane must cost 11% more than 
expected (or h.ave an 18% higher mainten.ance cost) for 
the airplane's DOC to be equal to the tuibuicnc air- 
plane's DOC. If fuel costs 60 cents per g.illoii, it 
would take either a 37% increase in purcha.se price or a 
50% increase in maintenance cost to wipe out the LFC' 
benefits. At AR = 14, LFC cost increasc.s mur:t be even 
greater to eliminate the anticipated say.ing.s. It is 
evident th.at the p.ayoff from LFC is large enough to 
overshadow possible maintenance and purch.i.se price 
increases. 

The relative contribution which different costs 
make to DOC is given in Table 5 for turbulent: and LFC 
airplanes at fuel prices of 30 cents and 60 cents per 
gallon. As aspect ratio increases, fuel co.st becomes 
less important and purcliasc price becomes more signifi- 
cant. Laminar-flow control .significantly reduces the 
importance of fuel costs to DOC. In every c.ase listed 
in Table 5, except two, fuel cost is seen to he the 
major element of DOC. Therelore, technology which 
reduces fuel cost is likely to be more important in 
the future tlian in the past. 

Cone lu .s i ( ins 

A broad look was taken at how changes in future 
aircraft design and technology might impact commercial 


aircraft tr.ade offs between TOGW, energy use, and DOC. 
Subject to the ground rules and assumptions on which 
the study was based, the following conclusions were 
reached: 

Turbulent Airplanes . Energy use per passenger 
mile is lowest at R < 3000 n. mi. Best DOC's are 
obtained between ranges of 2000 n. mi. and 3000 n. mi. 
at all aspect ratios. Severe penalties occur at long 
range (R « 5000 n. mi.) in terms of both energy use and 
direct operating cost. High aspect ratio, long-range 
(AR IS 10, R = 5000 n. mi.) aircraft can conceivably 
show lower TOGW chan AR = 7 aircraft. 

Laminar-Flow C ontrol . LFC systems provide signifi- 
cant energy .savings when applied to current AR = 7 
.aircraft. TOGW, energy, and DOC savings increase 
dram.atically with design range. LFC will be of even 
more v.alue to tiie high aspect ratio (AR = 10-14) air- 
craft of the future because the greater aerodynamic 
efficiency realized with LFC systems reduce the total 
drag and, con.sequent Ly , negate further the weight 
penalties that must be paid for high-aspect-ratio 
design. Succe.ssful application of LFC systems, there- 
fore, will tend to increase the aspect ratios of future 
airplanes. Aircraft energy requirements for LFC config- 
urations continually decreased as AR was increased 
from 7 to 14 in contrast to the turbulent airplane 
results. LFC benefits are greatest at high range .and 
high aspect ratio. Unit weight (lb,/ft2) of the LFC 
system has a small effect on energy saved but increased 
LFC unit weight penalties are more significant in TOGW 
and DOC results. 

Coiaposi tes . Significant reductions in TOGW, 
energy, and DOC occur with introduction of composite 
material. At R = 3000 n. mi., composites had a larger 
effect on 'fOGW tii.in did LFC, .although LFC saved tvev 
energy and h;i<l a Lov/..-r DOC than did composites. Al.s,’, 
at R = 3000 n. mi., an LFC composite airplane nc.irly 
eliminated the TOGW and DOC penalty paid for an 
AR = 14 •design. Rest economic perfom:):A;e was 
obtained with an LFC airplane built of advanced 
materials. 
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Appendix A. Main Equations Used in Mi nimug Energy Aircraft Prograo 


Aerodynamics 


6CA dC, 


2^ 


L \dc; 7 ^ • da 


(cos A)< 


V2 + F '/l + 4 /fV 


where F 


AR Vl - 

cos A 


i o 


(C,) 


(L/D) xT"^ AR e Cp' 

rax o 


Cp " Z Cj, (wetted area/wlr.R area) where K “ 1.15 (correction factor for parasite drag) 
0 


Cp. - Laminar: Blasius 

Cp - Turbul.nt: Prandt 1-Schl Icht Ing 


Weighta 


Fuselage weight • (WOSB) (body area) where WOSB ■ 2.6 




5 X TOGW X 10 


-6 


■ 4.75 minimum (selected g^ge) 

wtng welRht*** - 3534 + ’.84715.., + 0. 3 K.. f US,„ 

(t/c)(l + X) cos* A 

Shapiro, p. 422, 

**Correl*t ion of historical data by L. Robert Jackson, NASA High-Speed Aerodym^'ilcs Division. 
Design Concepts Group, Langley Research Center. 

Obtained from McDonnell Douglas Corporation, NASl-13964. 


A ppen d lx A . H J 1 n E f^u a t_l ons U Ked in Minis u ra K n ergy A U; craft P ^oj^r a a ~ C one Xu Jed 


Engine 


Tall weight 
Engine weight 
Payload weight 
Fuel weight 

k 

Fixed weight 


•» 5.0 (horizontal tail area -f vortical tail .irea) 

» take-off tl»rufit/3.38 
* (210) PAX + cargo weight 

“ cruiac fuel + climb fuel + reserve fuel; where reserve fuel 


0.1ft (foci Weight; 


“ 1,1933 * (1*^^) (total tall area)) + 1.98 (gallons of 

, ,, . . (fuel Instruments) 

(liy<!raullc systemn) 

-4 

+ (40.1 + (7.53 X 10 ) (take-off thrust)) (Ko. engines) + 330.8 + (0.444) PAX 

(propulsion Instruacnts) (rfea«iinlf.^ ingtromcfit s ; 

+ (18.83) + (28.813) + (34.875) 

(e* !Ctrlcal) (air con/i Itlonlng, (PAX furnishings 4 

aux. power 4 equipment) 

pneumat ics) 

+ (0.03ft) (wing area) + (0.238) (wing area) + 51 

(antl-lclog group) (antl-lclng group) (load and handling group) 

LFC systcffl weight ■ (2) (I'W) (laminar Ized area) 

Bypass ratio •» 4.9 

Specific fuel consumption at sea level » 0.395 per hour 
Specific fuel consumption at cruise « 0.657 per hour 
Fan pressure ratio at cruise •■1.56 


Obtained from PRC Systems Sciences Comp.my. 



/a>Pi;;;Dix s.- r.ocATio.vs uskd to calcl'Lati; iurfct 
oklfatinc cost - 1V75 o.-iiFicir.vrs* 


CREW PAY ($/BIT)CK HOUR) 
3 KAN JET 

.3 

2i.:61 /v X + 57.670 

[ ^ ) 

NON-PXVENUE FACTOR 

1.07 ON FULL A.’.Ll MAI.NTF.NANCE 

AIREP.AME PGMNTENANCE-CYCLE 


MATERIAL (S /CYCLE) 

1.9729 (r..i/!0^) + 2.2504 

DIREa LABOR (KH/CYCLE) 

.21756 [Lo 6 j,^,(We/1003)]^-’^'^ 

AIPJT!AME JUINTENAJiCE - FLICliT M'JGR 


MATERIAL ($/Fll) 

1.5994 C.'>/19^ + 3.4263 

DIRECr LABOR (MH/FH) 

4.9169 [L>g jg(W,i/I003)l - 6.425 

ENGINE MAINTENANCE - CYCLE 


MATERIAL ($/CYCLE) 

[3.6698 <Ce/10*) f 1.36.-5] Nc 

DIREa U S' T <!G!/ CYCLE) 

.23 Ne 


ENGINE KAlNTEN/uSCE - KLIGHT H-.'TR 

«.s.TERIAL ($/™> [Ts.U'jT (Cc/io’) - 6.M7A] Ne 

DIRECT U'iOR 'yJI/nO [If :0^/(.«7715 T/lo’ + ! 3.639)} Ne 


BURDEN S/DIRECT IG I.NTEN.ANCE $ 

l.CO 


MAlNTENAoiCE L/JiPi' RATE (S/MANii .UP.) 

8.60 


INSURANCE (3 i’RI'’E/YEAvR) 

1 .0 


in’.t;stmi:nt spares kAUo (i) 



rNGINE 

6 

33 


DEPKECIATICN SCHRDLI.E (YEAKS/R YSIDNAL VAI UE) 

14/0 



TOCTJ - Mav-i-Mri i jVcoff i-roi;s «’c*:,’hr - l.bn. V.-j - Alrfr.i.rc ~ Lb"?. 

Ca - Trice - > !*. - S>. 

Ce -* Ff'irlnc jri«'c - S ^Kxcl’-:v ici?. K«-vo rc.o t ) f;« - I!T;r<i 

Ne - N'jibi'i ff Kn>‘iiu'» !•*.;: - ur.'i 

V - 7i:> X :i - 73 X (M<.9) T - fc.-, i ScaMc Tr.ru-.t' 

c 

Alrcr.^ft. r-.'r7».iiy 


'‘Obtained f rc:n 



TABLE 1. COMPAHIS^JN OF flKPHESENTATIVE WIDE BODY TRIJtT WITH PHESE.’IT STUDY f^ESULTS 



Tr i jot 

I'rcsotiL study 

V t! ( j.; ; i t , lb 



TOf-W 

S'* 1000 

S3 j600 

W i n»', 

S7B7H 

S6fi 7 S 

Fut'I 

IK70:)O 

iHiVIl 

Tall 

loooo 

S927 

Et'.Jilr.i- 

.".HnSO 

S201) 

Body 

4627S 

4A7 JF 

Empty 

J49'iSS 

1S2410 

F i >: t .-d 

’ >/ 

8J910 

P.f/I'id (inr. c.ifRo) 

10AS7i 

103960 

N’ur.hor of p.»sson>'<.'r‘^ 

i7f. 

370 

AltitoC*!:, ft 

ilOOO 

17619 

ft 

iy.2 

17R 

Wing lo.-idin?,, lb pt'f 

IS? 

142 

Wing nr«'A, 

104 7 

17 7 4 

Span, ft 

iti'j 

10> 

HorI?.OPtal tail art-a, ft^ 

1 1 in 

1 OAO 

Vortical tall arta, ft^ 

COS 

6 51 

Climb range, n. rsl. 

19i 

1 7 S 

Cllnb line, ninnter. 

20.4 

21.9 

AvailabiV fvit-1 storage, lb 

?4')000 

211000 

Tak,r*off Uiriist* Ih 

1 S'iOOO 

176000 

Av<?raf.f t/c, percent 

il.? 

10.4 
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tac.i r iiAsn.r^r. '-i ' HAfvvcTi KisTif:? 


M.jch p.v’r.htT 
'-♦Mtr. 

C;irF/‘» load* lU 
SVCT}’, <.'«*>* 

A pvri 1 .1! lo 

UMV l.-iU-.rh, ft 

Pi-HtTvc f'viti, AS pi-rc*.nt of Loj.il tvK-i 
Airf r.i-i- IaI 

If-/, i r.>- t<'’ 

I PA jot' r.-.j::-h«-r 

r.t-l cost, r<nts ft r r.Ailon 

» I- 

IrC < i;rr;K>n<-nt H 

Iaj'. aio.i Aitr l.FC, 


O.H 

10' 


\\)V'i ) 

I b 

.t r- '<'1 
4 

30 
?10 
tail 
I <» 
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TABLE 3. 


CUMi'ARir>OM OF NOVaNAL H’RBL'IXNT AIRP!y*STr* 
M • 0.8 

R.TtiKe » 3000 n, nl. 

PAX » 200 

A « 25*^ 


TO I.FC MRPsA'OlS 


AR • 7 AK • 14 


Turbulent J.FC Ttirbulent LEG 


TOGW, lb 
OEW, lb 
WlnR wt. Ib 
Body vt, lb 
Enj^ine wt, Ib 
LKC system wt, ib 
Block fuel, lb 
Span, ft 
Length, ft 
Wing area, 

Cruise altitude, ft 
Cru^"e I./D 

Win., loadJ.if’., Ih per ft^ 

Airplane price, $ x 10^* 

DOC 

Relative I.FC rialrtenanre, percent 
Relat'.'e I.F(^ purrt»«M' price, percent 
LFC syster.) unit welgfit, ib per ft^ 


274070 

2134; ; 

2f)1440 

21! 100 

injs'io 


K7940 

129090 

J6A41 

2 :t‘-l 

SiSll 

39482 

43189 

m9 

41!“.') 

4)189 

2074 7 

l,-94 9 

2145> 

18119 
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r-i-'l? 


ft 

S8<^60 

4'4;o 

S’fOO 

37420 

109 

U8 

I'll 

164 

IM 

is\ 

!5s 

151 

1 ;o« 


i9'f) 

1918 

3’''7oO 

4 .99H 

4 2f-'.2 

406S4 

IS. 2 

tO.S 

2! . 1 

76.8 

131 

i.s; 

1 Jl 

ns 

9.30 

u.u) 

12. V 

10.98 

1 .08S 

1.0 3b 
1? 

1. I..9 

1.036 
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B<kW 7fi,2 

l.-iii 78.0 
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I 
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> O it S-’ 


60 

Ct .it i/ 

i’.n 

lO 

c e r; l » / k a J 

60 

r. ent n • 

ca I 




Ak 





■\n 



10 

14 

; 

» ' ! 


7 

h; 19 

; 

10 

14 

Fuel 

3 h . 0 

i?.h 

?‘Kh 

92. 9 

49. 1 

46. {J 

2'^. 2 

.’6.3 7.;.0 

4S.7 

-1.6. 


Ititt n.incc 

18.4 

19.4 

20.6 

13 . S 

! 4 . 7 

n.9 

77.2 

7 1.1 7 i . 9 

1 . 7 

I } 

1 9 . J 

Crev 

2S.9 

76.7 

2». J 

i->.i 

70. i 

i'<-5 

76 . 9 

27.7 27.7 

20.6 

.'1.9 

7 7.3 

Depre. lat Ion ^ Insuranre 

19.7 

21 . 3 

?4 . 1 

14, S 

Jb.i 

I S . 6 

72 . 7 

22.9 >9.4 
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Figure 1. Average U.S. consiiercial jet fuel price 



i'iiiure 2 . 


'■iini.iui:! energy aircroft progra!:i logic. 





FIRST ORDER AERODYNAMICS 


TRIM OR BALANCE NOT CONSIDERED 

HISTORICAL PARAMETRIC WEIGHTS - ALUMINUM 
- EXTRAPOLATED TO HIGH ASPECT RATIO 

WEIGHT REDUCTION FACTORS USED FOR COMPOSITE MATERIALS 

EMPENNAGE SIZED BY TAIL VOLUME COEFFICIENTS 

HIGH BYPASS RATIO ENGINE MODEL - CONSTANT TECHNOLOGY 


Figure 3. Major program assumptions. 
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Figure 4. Wing thickness ratio and aspect-ratio effects at R = 

turbulent flow aircraft. 
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Figure 6. Aspect-ratio effects for turbulent flow aircraft. 
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Figure 9. Effect of laminar flow control and aspect ratio at 

R = 3000 n.mi . 





ASPECT RATIO 


Figure 11. Effect of laminar flo\-< control system unit weight on aluminum 

aircraft at R = 3000 n.mi. 
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Fivjuro 12. Laminar flow control and composite material effects on aircraft with 
AR - 7 for various design ranges. 
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Fiqure 13 Effects of laminar flow control and composite material on aircraft at 
R = 3000 n.mi. for various aspect ratios. 




Figure 14. Effect of advanced airfoil technology at R = 3000 n.mi. in turbulent flow. 
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Figure 15. Effect of aspect ratio and fuel price versus mini mum DOC in 

turbulent flov/. 
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Figure 16. Effect of purchase pr.ee and maintendneo cost increases on LFC 

ccono'-ncs at R = 3000 n.mi. 



